Heterostracans are a clade of extinct jawless fishes that were a large component of early vertebrate ecosystems. They are key members of the gnathostome stem, and as such they are central to our interpretation and understanding of early vertebrate evolution. Our knowledge of heterostracan inter-relationships is incomplete, with previous phylogenetic analyses focusing on the intra-relationships of individual clades. The two largest clades of heterostracans, Cyathaspididae and Pteraspidiformes, comprise Janvier's 'higher heterostracans' and have been interpreted as monophyletic sister groups. Here we present a new parsimony-based phylogeny for the Pteraspidiformes and Cyathaspididae including quantitative data. Our results indicate that Cyathaspididae are a paraphyletic assemblage with respect to a monophyletic Pteraspidiformes (which includes the Psammosteidae). Furthermore, we show that the Anchipteraspididae are sister group to Pteraspidiformes, when using pteraspid-type bauplan to interpret their anatomy. Application of stratigraphic range data and congruence measures was used to assess the performance of different treatments of phylogenetic data in terms of stratigraphic consistency; equal weighting of quantitative and qualitative characters was found to consistently outperform implied weighting. Our combined results indicate that inclusion of quantitative characters can greatly improve resolution of ostracoderm phylogenies and provide a framework to consider the intra-and inter-relationships of heterostracans more broadly.
INTRODUCTION
The Heterostraci, along with other extinct, armoured, jawless vertebrates (i.e. ostracoderms), dominated early vertebrate faunas of the Silurian and Early Devonian. They are also a taxonomically diverse plesion of the gnathostome (jawed vertebrate) stem-group and are thus essential to our interpretation and understanding of early vertebrate evolution. Heterostracans and pteraspidimorphs, with their dermoskeleton composed of acellular bone or aspidin, have been interpreted as the sister group to galeaspids, osteostracans and jawed vertebrates (Donoghue & Smith, 2001; Gess, Coates & Rubidge, 2006; Sansom et al., 2010; Blom, 2012) , and as the first vertebrates to posses bone (Forey & Janvier, 1993; Donoghue, Forey & Aldridge, 2000; Donoghue & Aldridge, 2001; Janvier, 2001; Donoghue & Keating, 2014; Keating & Donoghue, 2016) . Phylogenetic relationships of the heterostracans remain poorly understood with cladistic reconstructions only in place for a few of the major clades (Pernègre, 2002; Pernègre & Goujet, 2007; Pernègre & Elliott, 2008; Lundgren & Blom, 2013; Randle & Sansom, 2016) . This significant gap in our tree of life impedes understanding of relationships at the base of the vertebrate tree and marcoevolutionary trends.
Following their earliest recognition as vertebrates, heterostracans have been grouped into two discrete morphologies: the cyathaspid morphotype and the pteraspid morphotype (Lankester, 1868) . Both possess the ossified headshield with a single pair of branchial openings that is characteristic of Heterostraci, but the arrangement of those plates differs between the two; the cyathaspids have singular dorsal and ventral shields, whereas the pteraspids have a headshield composed of numerous individual plates. These differences are underscored by the different ontogenetic trajectories observed in each group, that is late shield ossification vs. gradual growth and fusion, respectively (Denison, 1960; Blieck, Elliott & Gagnier, 1991; Greeniaus & Wilson, 2003; Elliott, Schultze & Blieck, 2015) . Since this early distinction was made, a considerable number of species and genera have been assigned to the Pteraspidiformes and the Cyathaspididae. However, interspecific and intraspecific relationships of these clades have caused much controversy over the last 150 years, with different authors having their own interpretation of the relationships between the groups (see Fig. 1 for review) .
Cyathaspididae and Pteraspidiformes (along with the endemic Amphiaspididae) are considered by Janvier (1996) as 'higher heterostracans', being unified Janvier's (1996) classification of the 'higher heterostracans', (C) relationships of taxa as proposed by Novitskaya (1983) , (D) phylogenetic analysis of Lundgren & Blom (2013) , (E) evolutionary trajectory of heterostracans as seen by Halstead (1973) , (F) relationships as proposed by Blieck et al. (1991) , (G) heterostracan relationships as envisaged by Obruchev (1967) . by a single pair of branchial or cornual-orbital plates not pierced by the branchial opening. Athenaegis was placed as the sister group to this larger clade ( Fig. 1B ) due to its multiple smaller plates in the branchial region rather than a singular plate. Despite the large body of descriptive taxonomic work for the heterostracans, there have only been a handful of phylogenetic analyses testing these scenarios of inferred relationships. Even then, analyses have only been applied to limited groups, namely Pteraspidiformes (Ilyes & Elliott, 1994; Pernègre, 2002; Pernègre & Goujet, 2007; Pernègre & Elliott, 2008; Randle & Sansom, 2016) and Cyathaspididae (Lundgren & Blom, 2013) .
The Cyathaspididae have traditionally been considered monophyletic (Denison, 1964; Janvier, 1996; Lundgren & Blom, 2013) (Fig. 1A, B , D), but some have suggested they may be paraphyletic (Blieck et al., 1991; Obruchev, 1967; Novitskaya, 1983; Elliott & Swift, 2010; Elliott, 2013; Elliott & Blieck, 2010) (Fig. 1C , F-G). They are generally identified as having a single dorsal and ventral headshield and paired branchial plates, although these are absent in some purported members, such as Allocryptaspis, Ariaspis and the ctenaspids (although they may not belong within Cyathaspididae; Kiaer, 1930; Denison, 1960; Dineley & Loeffler, 1976; Elliott, Reed, & Loeffler, 2004; Elliott & Swift, 2010; Elliott, 2013) . Within this group are the earliest stratigraphical occurrences of heterostracan fossils such as Tolypelepis and Archaegonaspis during the Wenlock (Middle Silurian), and possible occurrence in the Llandovery (Märss, 1977; Dineley & Loeffler, 1976) . However, between the Upper Silurian and Lower Devonian, a faunal shift occurred from Cyathaspididaedominated heterostracan assemblages to assemblages dominated by Pteraspidiformes. This, coupled with the description of the Anchipteraspididae as morphologically 'transitional' between the two groups (Elliott, 1984) , has led to a theory that Pteraspidiformes are derived from the Cyathaspididae (Elliott, 1984) ; however, this has yet to be tested cladistically. D e n i s o n ( 1 9 6 4 ) r e c o g n i z e d f i v e cl a d e s o f Cyathaspididae: the Irregulareaspidinae, Cyathaspidinae, Ctenaspidinae, Poraspidinae and Tolypelepidinae, the latter of which he depicted as the 'ancestral stock of the family' (Denison, 1964: p. 462) (Fig. 1A) . Tolypelepis, one of the earliest cyathaspids (Märss, 1977) , has a distinctive scale-like ornament pattern that some have interpreted as superficially tessellated and heralded as the link between tessellated heterostracans (e.g. Tesseraspis) and the Cyathaspididae (Fig. 1E) (Halstead, 1973; Dineley & Loeffler, 1976; Elliott, 1987; Janvier, 1996) . In the phylogeny of Lundgren & Blom (2013) (Fig. 1D ), Tolypelepis and Asketaspis (a tolypelepid) were reconciled as the most rootward taxa. Many of Denison's (1964) clades are still apparent in the Lundgren & Blom (2013) phylogeny, including taxa of the Poraspidinae (which are split over two clades) and the Irregulareaspidinae [which includes Americaspis, Pionaspis amplissima (Dineley & Loeffler, 1976) and Nahanniaspis]. Taxa of questionable cyathaspid affinity include Listraspis, Ariaspis, Alainaspis, Boothiaspis, Allocryptaspis, Ctenaspis, Arctictenaspis and Zaphoctenaspis (Elliott et al., 2004; Elliott & Blieck, 2010; Elliott & Swift, 2010; Elliott, 2013) and are included here to test their cyathaspid membership ( Fig. 1) .
Here, we undertake new phylogenetic analyses including all taxonomically described genera belonging to Cyathaspididae and Pteraspidiformes (Lundgren & Blom, 2013; Randle & Sansom, 2016) ; this is the first attempt to conduct broad scale phylogenetic analyses across taxonomic groups of heterostracans. The analyses, therefore, include characters adapted and expanded from previous analyses as well as new characters to encompass the variation seen within and between groups (both quantitative and qualitative). Our analyses test hypotheses of polarity, monophyly and membership of the constituent clades for Pteraspidiformes and Cyathaspididae. They also have ramifications for the use of heterostracan clades in palaeobiogeographic studies (Sansom, 2009; Blieck, 2011; Zigaite & Blieck, 2013) . Following the evaluation of different phylogenetic techniques and data in the reconstruction of heterostracan relationships (Randle & Sansom, 2016) , we evaluate the phylogenies derived using stratigraphic range data (Bell & Lloyd, 2015) .
METHODS

OutgrOup taxa
In the only previous phylogenetic analysis of the Cyathaspididae (Lundgren & Blom, 2013) , Athenaegis was used as the outgroup taxon due to morphological similarities (to the Cyathaspididae) such as singular dorsal and ventral shields along with differences pertaining to the branchial region of Athenaegis. Furthermore, in the tree depicted by Janvier (1996) , Athenaegis was placed as the sister group to the clade named 'higher heterostracans' which includes Pteraspidiformes and Cyathaspidiformes (Cyathaspidida plus Amphiaspidida); following this, Athenaegis is used as the outgroup for our analyses. However, when first described, Soehn & Wilson (1990) placed Athenaegis with the Tolypelepis-aligned cyathaspids; under those circumstances, using Athenaegis as the outgroup taxa could possibly bias the polarity of the phylogeny and its characters. This is explored by using Ctenaspis as an outgroup alternative. Ctenaspis is considered sister taxon to the Amphiaspididae, an enigmatic group of heterostracans endemic to Siberia (Novitskaya, 1983 (Novitskaya, , 2004 (Novitskaya, , 2008 Janvier, 1996) . Elliott & Blieck (2010) placed Ctenaspis, Arctictenaspis and Zaphoctenaspis in the Ctenaspididae, outside of the Cyathaspididae, while Lundgren & Blom (2013) treated them as ingroup taxa. Similar to Athenaegis, they are closely related to the Cyathaspididae and are therefore a logical choice as outgroup member.
IngrOup taxa
Ingroup taxa include all taxonomically described genera assigned to Cyathaspididae and Pteraspidiformes; the type species of genera were used as the representative where possible. Cyathspididae not included are as follows: Eoarchegnonaspis (considered nomen dubium by Denison, 1964) , Sandiaspis (only known from fragmentary material and is suggested to have cyathaspid affinity based upon histology only), Lechriaspis (fragmentary and missing detail in diagnostic areas), Seretaspis (known from one fragmentary incomplete dorsal shield) and Steinaspis (known from a ventral shield and many diagnostic characters are based upon the dorsal morphology and features). Vernonaspis sekwiae (Denison, 1964) is included as a representative of this genus instead of the type as it is known from better-preserved material. Two species of the genus Homalaspidella have been included in the analysis [Homalaspidella nitida (Kiaer, 1932) and Homalaspidella borealis (Denison, 1963) ], as major differences in their dermal ornamentation, along with the relative positions of these taxa in the tree of Lundgren & Blom (2013) , indicate that they may not belong to the same genus. The analysis of Lundgren & Blom (2013) also indicated that Pionaspis amplissima and Pionaspis acuticosta (Denison, 1964) may belong to two different genera, therefore both have been included within this analysis. Taxa excluded belonging to Pteraspidiformes include Mylopteraspis and Palanasaspis for reasons outlined in Randle & Sansom (2016) .
anchIpteraspIdIdae
The Anchipteraspididae are a subfamily of heterostracans from the Prìdoli and Lochkovian of the Canadian Arctic described by Elliott (1984) as a transitional form between Cyathaspididae and Pteraspidiformes. They exhibit a mixture of cyathaspid-like characteristics and pteraspid-like characteristics and as such, the anatomy of anchipteraspid taxa could be interpreted using either the cyathaspid body plan or the pteraspidiform body plan. For example, the orbitocornual plate and fused branchial plate of Elliott (1984) could also be interpreted as a lateral brim with a ventrally orientated, lateral lamina (present in cyathaspid Listraspis; for other interpretations, see character list in Supporting Information). Both of these coding interpretations are applied here not only to account for the uncertainty over Anchipteraspididae affinity but also to test for topological differences that could result.
QuantItatIve characters
Unlike in other groups of heterostracans, quantitative data are often used in cyathaspid taxonomy, with different species often recognized by the differing proportions of their dermal shields, in the form of ratio data as illustrated by Denison (1964) and Blieck & Heintz (1983) (Fig. 2 ). Measurements of traits were made using ImageJ (Rasband, 1997 (Rasband, -2015 from a combination of photographs of museum specimens and published material. Using the same methods employed by Randle & Sansom (2016) , two treatments of quantitative characters, in the form of ratio data, are used to incorporate this variation into phylogenetic analyses. The first combines discrete characters with raw continuous characters (discrete-and-continuous characters). To account for potential non-independence of continuous characters, a Pearsons correlation coefficient test was used to identify correlated characters. They were removed sequentially, starting with the character with the highest number of correlations. After the highest correlated character was removed, the number of correlations per character were then recalculated and the highest again removed and so on. When only single pairs of correlations remained, characters with the least amount of missing data were favoured over those with greater amounts of missing data. This was repeated until all the remaining characters were uncorrelated and operationally independent.
The second treatment of the quantitative ratio characters is to discretize them into ordinal character states (discrete-and-discretized characters). Again the methods employed here are those outlined by Randle & Sansom (2016) using a gap coding method that uses the sequential difference between ordered data points and identifies gaps when a difference is greater than 2 SD of the gap difference data. Quantitative discretized characters were treated as ordered (contra Randle & Sansom, 2016) .
characters Characters relate to the configuration, shape and ornament of the dorsal shield -these are generally used to define taxa. Only a handful of taxa (Anglaspis, Nahanniaspis, Dinaspidella and Irregulareaspis) are known from articulated specimens; thus, it can be confidently inferred that other plates (i.e. ventral) belong to the same taxa. However, in many taxa, these plates are inadequately known or not found articulated, which makes them less reliable for phylogenetic analysis or even as a taxonomic data source.
Characters included within analyses were constructed from direct observations of specimens, species descriptions from published literature and adapted from the character lists from previous phylogenies (Ilyes & Elliott, 1994; Pernègre, 2002; Pernègre & Goujet, 2007; Pernègre & Elliott, 2008; Lundgren & Blom, 2013; Randle & Sansom, 2016 ; the character list can be found in Supporting Information). Data collection resources were a combination of taxonomic descriptions, reconstructions and photographs from the published literature, and direct observations and measurements from museum specimens (Table 1) .
In order to ensure that each character had equal influence, multistate ordered characters (predominately discretized quantitative characters) were reweighted ensuring that the maximum number of transitions for any character state change was equivalent to a binary unordered character (see Supporting Information). Furthermore, raw continuous characters were normalized so that the minimum and maximum values ranged between 0 and 1, respectively (contra Randle & Sansom 2016) . Kiaer (1932) and Denison (1964) , (B) Alainaspis-like cyathaspid adapted from Elliott & Dineley (1985 , (C) Allocryptaspis-like cyathaspid adapted from Denison (1960 Denison ( , 1964 , (D) internal organ anatomy usually found on the visceral side of dorsal shields, (E) general cyathaspid sensory-line canal pattern: SOC, supraorbital canal; CM.SO, supraorbital commissure; IOC, inter-orbital canal; LDC, lateral dorsal canal; MDC, medial dorsal canal; TC, transverse commissures, (F) highly branched canal patterns seen in some cyathaspids, (G) epitega regions depicted by a break in the ornament of cyathaspids, (H) cyathaspid measurements used in phylogenetic analyses: OW, orbital width, OL, orbit-rostrum length, PL, pineal macula-rostrum length, DSL, dorsal shield length, DSW, dorsal shield width. Psammosteus megalopteryx Gross, 1933 Tarlo (1961a , 1964 , 1965 Seventy-nine taxa are included within the analyses; 78 ingroup taxa and 1 outgroup taxon. Parsimony tree searches were conducted in TNT (Goloboff, Farris & Nixon, 2008) using a heuristic search method (multiple tree bisection rearrangement) using the xmult function and branch swapping with multiple random seeds (see scripts). Three character models were used; discrete only characters, discrete-and-continuous characters and discrete-and-discretized characters. Tree searches were also performed using either the equal weighting function or the implied weighting function in TNT with concavity constant k = 3.
stratIgraphIc cOngruence
When presented with multiple solutions for a phylogeny of entirely fossil taxa, there are dew independent measures that can be used to estimate confidence or distinguish between methods. Stratigraphic range data offer one possibility; essentially, a stratigraphically congruent tree would be one where all descendants were younger than their ancestors or at least the same age. However, there are inherent biases associated with the fossil record and in reality it represents a non-random sample of taxa (Smith & McGowan, 2011) . These measures, therefore, can be used to compare between competing phylogenies for a single data set -many of the stratigraphic congruence indices are dependent on the input trees and number of taxa and, as such, may not be suitable to compare congruence across different data sets (O'Connor & Wills, 2016) . Stratigraphic congruence of the new phylogenies was tested using time-scaled phylogenies in the R package 'strap' (Bell & Lloyd, 2015) . Occurrence data were taken from the literature, with a list of references seen in Table 1 . Congruence measures such as the stratigraphic consistency index (SCI) and the relative completeness index (RCI) were employed to assess which of the newly created phylogenies were more consistent with stratigraphic range data. Significance values for the stratigraphic congruence indices were computed within the package by using tree topologies and randomly shuffling terminal taxa. For results with more than one most parsimonious trees (MPTs), the average for each tree was recorded.
RESULTS
Searches using only discrete characters yielded a high number of MPTs and poorly resolved strict consensus trees (Fig. 3) . The Anchipteraspididae were placed as sister taxon to the other Pteraspidiformes Elliott, 1984 NMC.13847, NMC.13850, NMC.13851; Elliott (1984 ) 423 410.8 Rhinopteraspis dunensis Roemer, 1855 Tarlo (1961b) ; Blieck (1980 Blieck ( , 1984 419.2 393.3
Rachiaspis pteriga
Semipodolaspis slobodensis
Voichyshyn, 2011 Voichyshyn (2011) 419.2 410.8 Stegobranchiaspis baringensis Elliott, 1983 NMC. 13950, NMC.13962; Elliott (1983) taxa including the psammosteids, but only when they were coded as pteraspid like. When coded using a cyathaspid interpretative model, they formed part of a large polytomy with other cyathaspid taxa. The topology of Pteraspidiformes changed following inclusion of cyathaspid taxa (Randle & Sansom, 2016) ; for example Xylaspis rather than Protopteraspis was recovered as sister to the non-anchipteraspidid Pteraspidiformes. The topology within Pteraspidiformes was very similar irrespective of coding approach to Anchipteraspididae, the only difference being the inclusion of Gigantaspis and Zascinaspis heintzi in a clade containing Rhinopteraspis in the pteraspid-like model, whereas in the cyathaspid-like tree, these taxa were grouped in an uncertain polytomy with Escharaspis and the Rhinopteraspis clade. Of the cyathaspids, the tolypelepids were paraphyletic at the base of the tree, while the others were poorly resolved. Cyathaspid relationships were also fairly stable given different interpretation models for Anchipteraspididae; an exception was the recovery of Nahanniaspis with Pionaspis, and Archaegonaspis and Americaspis placed in a clade containing Anglaspis, Liliaspis and Paraliliaspis, in the pteraspid model. As the relationships of the Anchipteraspididae were resolved under the pteraspid model but not the cyathaspid model, all subsequent analyses used the former. This will be an interesting avenue of exploration in future analyses containing a broader heterostracan taxon sample.
Searches including discrete and quantitative characters (both discrete-and-continuous and discreteand-discretized characters) produced more resolution within Cyathaspididae (Fig. 4) than analyses without quantitative characters. In both searches, the cyathaspids were recovered as paraphyletic with regard to the Pteraspidiformes plus Anchipteraspididae.
The strict consensus of 19 MPTs resulting from the discrete-and-continuous analysis is seen in Fig. 4A (tree length 425.991). Tolypelepid taxa are positioned towards the root of the tree, as seen in the discrete only analyses. Many of the taxa of uncertain affinity are seen in a large clade, including the ctenaspids, Allocryptaspis, Alainaspis, Ariaspis, Listraspis and Boothiaspis. Included also within this clade are Cyathaspis, Capitaspis and H. borealis. Irregulareaspid taxa (Irregulareaspis, Nahanniaspis and Dinaspidella) along with Pionaspis (which is resolved as monophyletic) form another clade; however, Dikenaspis, usually regarded as an irregulareaspid taxon, is not included here. Poraspis and H. nitida form a group; however, other taxa included within the Poraspidinae of Denison (1964) , that is Anglaspis and Americaspis, are recovered in a clade (as in Fig. 3B) . With regard to the Pteraspidiformes, the majority of taxa are split between two clades. One of these contains Protopteraspis (traditionally placed as the most rootward non-anchipteraspid Pteraspidiformes), Rhinopteraspididae taxa, along with Canadian taxa Canadapteraspis and Mitraspis (Dineley & Loeffler, 1976; Elliott et al., 2015) , taxa from Podolia and the Welsh Border-Artois-Ardenne regions (Blieck, 1984; Voichyshyn, 2011; Randle & Sansom, 2016) . The other large clade contains taxa from the Western USA (plus Helaspis), along with a monophyletic Lampraspis (Lampraspis tuberculata and Lampraspis carmani) as recovered in Randle & Sansom (2016) , and taxa from Podolia (Z. heintzi, Alaeckaspis, Djurinaspis and Semipodolaspis) and Gigantaspis.
The strict consensus tree arising from discrete-anddiscretized quantitative characters is shown in Fig. 4B (1139 MPT with a tree length of 428.474). Discretizing the quantitative characters results in a loss of resolution within Cyathaspididae, compared to the discreteand-continuous characters (Fig. 4A) ; however, including these data improves the resolution of the relationships over the discrete only analysis (Fig. 3) . Relationships of the clade containing Ctenaspis and other taxa of uncertain-cyathaspid affinity are less resolved in the discreteand-discretized tree. The Ctenapis group switches places with the Liliaspis, and Poraspis clades, moving towards the Pteraspidiformes, when compared to the discreteand-continuous tree. Another difference between the discrete-and-discretized quantitative character analysis is the Pteraspidiformes, which grade respective to the Western USA taxa (Lampraspis is also not monophyletic in this analysis) compared to the discrete-andcontinuous character tree, where the Pteraspidiformes are distributed between two large clades.
stratIgraphIc cOngruence
Phylogenetic trees were time scaled using stratigraphic first and last appearances (Table 1) using the strap package of Bell & Lloyd (2015) (see Fig. 5 for the discrete and discretized result from Fig. 4B plotted through geological time).
All phylogenies have a significantly better fit to stratigraphy than randomly generated trees for both the RCI and SCI. In all instances, reweighting characters based on their homoplasy (implied weighting, k = 3) resulted in a poorer fit to stratigraphy than equally weighted searches (see Fig. 6 ). Using Ctenaspis as the outgroup taxon rather than Athenaegis (see Supporting Information, Fig. S1 for discrete-and-discretized tree using Ctenaspis outgroup) also results in a dramatically less congruent tree for both the SCI and RCI (see Figs 5, 6) . Comparing different approaches to quantitative characters, the best results were seen when using discrete-with-discretized characters (SCI = 0.68 and RCI = 61.12). Using only discrete characters or discrete-with-continuous characters gave a poorer fit.
DISCUSSION
A quick survey of the analyses using different subsets of data and different analyses recovers some key consistent patterns: (1) the Pteraspidiformes, including the Psammosteidae, are recovered as monophyletic and (2) the Cyathaspdidae in the traditional sense, are paraphyletic, with Asketaspis placed as the most rootward taxon.
Resolution of strict consensus trees was achieved here using equally weighted characters, whereas analysis of Pteraspidiformes only data (Randle & Sansom, 2016) gave resolved solutions only with the application of implied weighting. Thus, greater taxon sampling (inclusion of Cyathaspididae taxa) improved the resolution and fit of taxa to characters. Pteraspidiformes relationships recovered here are fundamentally similar to those recovered in the recent Randle & Sansom's (2016) phylogeny including a close affiliation between the psammosteids, Doryaspis and Woodfjordaspis. Some differences include the sister taxon of nonanchipteraspid Pteraspidiformes (Xylaspis and the Doryaspidae here rather than Protopteraspis). Furthermore, Lampraspis (Denison, 1960; Denison, 1970) is only recovered as monophyletic in the discrete-with-continuous data set, indicating that the taxonomy of this genus may need further investigation.
The position of the Anchipteraspididae as sister taxon to Pteraspidiformes is stable only when using the pteraspid models of character interpretation. When coded as pteraspid like (Fig. 3B) , they provide greater resolution to the Pteraspidiformes and cyathaspid taxa (most likely because they give Pteraspidiformes a polarity to their characters) when compared to the cyathaspid-like model (Fig. 3A) . However, it must be noted that the relationships recovered are largely the same, with the exception of the Anchipteraspididae position. Exploring the interpretation or their bauplan, and perhaps semantics of character distinctions, may have important implications and would be interesting to implement in a whole group analysis (i.e. all Heterostraci).
Of the cyathaspid genera for which two species were included, all were recovered as monophyletic, except Ariaspis and Homalaspidella. Similar to Lundgren & Blom (2013) , we recovered H. nitida in a clade with Poraspis, but unlike Lundgren & Blom (2013) , H. borealis is placed within the clade of problematic cyathaspid taxa (with the inclusion of quantitative characters). The two Ariaspis taxa form a clade with Listraspis, perhaps indicating Listraspis is an ariaspid.
Denison's (1964) Cyathaspididae do not form a clade but rather a paraphyletic assemblage relative to Pteraspidiformes (Figs 3 and 4) . Inclusion of quantitative characters yields a clade of cyathaspids that contains a combination of taxa belonging to Denison's (1964) Poraspidinae, Ctenaspidinae and Cyathaspidinae, including H. borealis, Cyathaspis, Ariaspis, Listraspis, Allocryptaspis and the ctenaspids (Boothiaspis and Capitaspis are included in the discrete-and-continuous analysis). Many of these taxa are problematic Cyathaspididae taxa. All taxa appear to have different anatomical features surrounding the branchial opening; for example, the branchial opening of Ariaspis arctata is at the posterior end of its lateral brim, whereas for Allocryptaspis laticostata, it is between the dorsal and ventral shields (Elliott et al., 2004; Elliott & Blieck, 2010; Elliott & Swift, 2010; Elliott, 2013) . This clade Figure 6 . Stratigraphic congruence measures for phylogenies resulting from different treatments of characters. Higher values indicate a better fit to stratigraphy than lower values, and white lines indicate stratigraphic congruence values for trees rooted using Ctenaspis as outgroup taxon. All trees have a significantly better fit (P-value < 0.01) to stratigraphy than those of randomly generated trees.
is recovered as the most rootward non-tolypelepid cyathaspids in the analysis containing the discrete-andcontinuous characters, but replaced by the Liliaspis clade, and H. nitida and Poraspis in the discrete-withdiscretized characters. While all these taxa are unified by the absence of a branchial plate, it is unlikely that they form a clade. Greater taxon sampling may elucidate the position and phylogenetic affinity of these taxa. Denison's (1964) Irregulareaspidinae is robust to the exclusion of Dikenaspis, inclusion of Nahanniaspis (Dineley & Loeffler, 1976) and occasionally Pionaspis. This is somewhat similar to the relationships recovered by Lundgren & Blom (2013) , again to the exclusion of Dikenaspis. However, his Poraspidinae and Cyathaspidinae clades are not supported here.
R e f e r r i n g b a ck t o h i s t o r i c p e r c e p t i o n s o f Cyathaspididae and Pteraspidiformes relationships (Fig. 1) , it is apparent that Novitskaya (1983) and Blieck et al. (1991) are most in accordance with the relationships recovered here. Of relationships proposed by Obruchev (1967) and Halstead (1973) , only with the inclusion of more heterostracan taxa can either scenario of heterostracan evolutionary relationships be corroborated or falsified. stratIgraphIc cOngruence and phylOgenetIc Inference Applying trees constructed using different methods to stratigraphic range data found that the application of implied weighting (Goloboff, 2014) produced less stratigraphically congruent trees in all instances when compared to their equally weighted equivalents. Recent analyses of simulated data have suggested that implied weighing may offer false precision (Congreve & Lamsdell, 2016; O'Reilly et al., 2016 ) -our analyses of stratigraphic fit with and without the application of implied weighting (Fig. 6 ) support that interpretation.
Of the two rooting approaches, the tree rooted using Athenaegis gave the most stratigraphically consistent results under all measures (see Fig. 6 ). Athenaegis is one of the stratigraphically oldest definite heterostracans (Soehn & Wilson, 1990) , whereas the alternative outgroup taxon (Ctenaspis) occurs relatively late in the evolutionary history of heterostracans and cyathaspids (Lochkovian) (Kiaer, 1930 ) (see Fig. 5 ). Notable difference between the Ctenaspis and Athenaegis rooted tree is seen in the RCI, which assesses the sum of ghost ranges seen in a tree. The lower value of the Ctenaspis rooted tree indicates a higher occurrence of ghost ranges, which is somewhat expected, given that it is stratigraphically much younger than Athenaegis. Other causes of this poorer fit to stratigraphy is the rootward movement of other ctenaspid taxa such as Zaphoctenaspis, which is the stratigraphically youngest member of the Cyathaspididae (Emsian) (Elliott & Blieck, 2010) .
The SCI and RCI both indicate that the inclusion of discretized quantitative characters with equal character weighting results in the best stratigraphic fit. Interestingly, in the reweighted analyses, the values of SCI and RCI for the discrete-with-continuous data set do not change much, whereas application of implied weighting dramatically reduces the stratigraphic congruence of the discrete only and discrete-with-discretized data sets.
CONCLUSIONS
Presented here are the first phylogenetic analyses to combine taxa belonging to Pteraspidiformes and Cyathaspididae. This tested relationships presented by Janvier's (1996) higher heterostracans, that is monophyletic groups with a sister group relationship to each other. We found Cyathaspididae to be paraphyletic and Pteraspidiformes to be monophyletic, inclusive of Psammosteidae. Anchipteraspididae were found to be the sister group to Pteraspidiformes. Using quantitative characters enabled inclusion of important continuous and taxonomic data (i.e. headshield measurements as ratios) and was found to consistently improve resolution of strict consensus trees. Implied weighting (k = 3), as assessed by stratigraphic congruence measures, gave trees that were a poorer fit to stratigraphic range data when compared to equally weighted analyses in all instances. Given the results obtained here and in Randle & Sansom (2016) , we recommend the inclusion of quantitative characters when reconstructing phylogenies of ostracoderms. Not only does this enable the incorporation of an important source of taxonomically informative data, but it also yields better resolved and more consistent results, both phylogenetically and stratigraphically. Of the two approaches to quantitative data investigated (i.e. continuous characters with elimination of correlated characters or discretizing ratio data), discrete-and-discretized characters have higher stratigraphic congruency, compared to trees arising from discrete-and-continuous characters. Nevertheless, both are better than using qualitative only characters. Furthermore, given concerns raised about implied weighting (Congreve & Lamsdell, 2016; O'Reilly et al., 2016) and the results of our stratigraphic congruence measures, application of equal weighting is recommended.
